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critical materials by up to 40% compared with isotropic permanent magnets. This demonstrates the economic
feasibility of incorporating a magnetic alignment field source into additive manufacturing systems for bonded
magnets, and the potential of aligned anisotropic bonded magnets to address REE criticality.
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Additive manufacturing techniques for fabricating bonded magnets have potential to reduce 
manufacturing cost and time-to-market of products and address criticality of rare earth elements 
(REEs). Criticality of REEs is a concern for economic design of dependent applications like 
permanent magnet machines. In this work, we investigated the magnetic alignment of 
anisotropic bonded magnet material comprised of 65 vol.% Nd-Fe-B in nylon-12 produced by 
extrusion in a 20 W brushless DC (BLDC) surface permanent magnet motor (PMM) for 
submersible water pump application using finite element analysis. We predict that sufficient 
alignment for application can be obtained at low alignment fields μ0H ≤ 1 T and reduction in 
critical materials volume of up to 40% relative to isotropic permanent magnets. This 
demonstrates the economic feasibility of incorporating a magnetic alignment field source into 
additive manufacturing systems of bonded magnets, and the potential of aligned anisotropic 
bonded magnets to address REE criticality.  
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The high energy product of sintered rare earth permanent magnets like Nd-Fe-B allows for the 
design of compact, economic permanent magnet machines (PMMs). However, due to the rise in 
the price of rare earth elements (REEs) in 2011, many machine designers have considered 
alternative permanent magnet materials to balance cost. This is illustrated by research efforts on 
replacing sintered Nd-Fe-B with ferrite magnets in submersible water pump motor design by 
employing surface-mounted magnet [1] and spoke magnet topologies [2,3]. Other research 
efforts have focused on increasing the economic viability of the interior PMM design that 
traditionally uses REE magnets [4].  
 
REEs, such as Nd and Dy, used in high strength permanent magnets are considered critical 
materials due to concern about their long-term supply and cost [5]. Additive manufacturing (AM) 
of REE bonded magnets used in brushless DC (BLDC) PMMs may allow for significant cost 
reduction of the magnetic material and manufacturing costs by reducing the volume fraction of 
REE materials and reducing waste. AM techniques employ layer-by-layer deposition in three 
dimensions, assisted by computer-aided design (CAD) [6,7].  
 
AM techniques are promising for accelerated manufacturing of low cost bonded magnets s [8–
11], in which magnet powders are blended into a binder such as polymers [10, 15] Researchers 
have already utilized 3D printing techniques for loaded polymers [8,10,12–15]. AM bonded 
magnets can be produced in easily customizable sizes and geometries at near-net-shape [16,17]. 
Conventional manufacturing techniques such as injection or compression molding employ molds 
[18]. AM processes eliminate the requirement for molds, reducing prototyping time and cost. 
The magnetic properties of AM bonded magnets produced by Big Area Additive Manufacturing 
(BAAM) are reportedly better than injection molded magnets, with an energy product of 5.47 
MGOe (43.5 kJ/m3) vs. 4.55 MGOe (36.2 kJ/m3) at an equivalent magnetic loading of 65 vol.% at 
room temperature [8]. In addition to better temperature stability [8], BAAM magnets have also 
reportedly exceeded injection molded magnets’ loading fraction upper limit (65 vol.%). 70 vol.% 
loading of isotropic Nd-Fe-B in nylon-12 has been achieved with an energy product of 7.25 MGOe 
(57.7 kJ/m3) at room temperature [11]. Cold spray AM bonded magnets have achieved superior 
mechanical properties when compared to conventionally produced (injection and compression 
molded), BAAM, and AM powder bed infusion bonded magnets [15]. Selected laser melting has 
been demonstrated to 3D print nearly dense Nd-Fe-B magnets [19]. AM techniques can also be 
applied for metal printing of permanent magnets as recently used for Ce-Co-Cu-Fe [20]. 
 
The use of bonded magnets reduces the volume fraction of REEs used. Commercial Nd-Fe-B 
bonded magnets generally use isotropic magnet powder. With anisotropic magnet powder [21], 
preferential alignment under an applied magnetic field during extrusion results in a higher 
remanence, and hence an increase in the energy product. The volume fraction of REE powder 
can be reduced further by magnetically aligning the anisotropic Nd-Fe-B magnet powder in the 
magnet. 
 
Our previous work suggested that a magnetic field of μ0H = 1 T  may be sufficient to align 
anisotropic magnet powders in bonded magnets [22]. We recently demonstrated that such a 
4 
 
magnetic field need not be greater than 1 T for direct-drive permanent magnet generator 
applications, implying reduced cost for incorporation of an alignment magnetic field source in 3D 
printed systems for bonded magnet development [23]. In this paper we use finite element 
analysis (FEA) to predict that magnetic properties of anisotropic bonded magnets can be 
sufficiently increased with low field magnetic alignment (μ0H < 1 T) to allow for a reduction in 
volume fraction of magnet powder in the bonded magnet. A submersible water pump motor was 
selected as the application in which to investigate these magnets. The melting point of nylon-12, 
~180⁰C, is above the operating temperature of many grades of Nd-Fe-B. BAAM magnets have the 
Young’s modulus of 4.29 GPa, ultimate tensile strength of 6.60 MPa, and ultimate strain of 4.18 
% [8]. Nevertheless, a retention sleeve would be required to secure the magnets in the surface 
topology. This investigation serves to demonstrate and quantify the potential of incorporating 





2.1 Extrusion of Anisotropic Bonded Magnets 
The bonded magnet pellets comprised of 65 vol.% Nd-Fe-B powder (Dy-free anisotropic Magfine-
MF18P) in nylon-12 were prepared by Aichi-Steel. Magfine powder (pre-milled and sieved to < 
212 µm sieve with an average particle size of 100 µm) and nylon-12 in desired ratios were 
blended to a uniform mixture and delivered to a hopper which feeds directly into the twin screw 
mixers. After compounding the mixture at ~ 210˚C, the material flows through the barrel and is 
pushed through a ~ 3.175 mm die and sliced into pellets [8,24]. 
 
2.2 Low Field Alignment 
Extruded, unaligned bonded magnet materials were sealed in quartz tubes and magnetic 
hysteresis loops measured at 27˚C using a vibrating sample magnetometer with applied field of 
up to ± 3 T.  This represents measurement in isotropic condition. In-situ magnetic alignment was 
performed with the particles aligned in the direction of applied field and heated to a temperature 
T for 15 minutes (T = 220˚C, 238˚C, or 256˚C). The temperatures and fields have been chosen 
based on in-situ alignment studies of anisotropic bonded magnets [21]. After alignment, the 
sample was cooled to 27˚C, and magnetic hysteresis loops were measured. This was done 
sequentially, varying the aligning magnetic field from 0 T to 3 T in steps of 0.25 T.  
 
2.3 Finite Element Modeling of Material Performance 
An existing 20 W BLDC surface-mounted permanent magnet (SPM) motor design [1] was adapted 
for bonded magnets in the isotropic condition (unaligned) as shown in Table I. A SPM topology 
(Fig. 1) was chosen to concentrate the available magnetic flux, which is much reduced relative  to 
sintered Nd-Fe-B, but comparable to a ferrite magnet. The performance of the machine was 
investigated under steady-state conditions at rated speed. The properties of the permanent 
magnets were varied for that of the anisotropic bonded magnets aligned at 238˚C and fields of 
0.25 T, 0.5 T, 0.75 T, and 1 T. Only magnets aligned at 238˚C were considered as it was found to 
be the optimal alignment temperature. Nonlinear definition of permanent magnet materials was 
5 
 
used (Fig. 2), defined by the intrinsic demagnetization curve, or magnetic hysteresis in the second 
quadrant. A double layered winding scheme was used for the PMM with 40 turns per coil.  
 
3D transient FEA was used to characterize the performance of the motor in the steady-state at 
rated speed, and to account for end effects of the magnetic field introduced by the short stack 
length. ANSYS 3D Maxwell was used for the FEA. Symmetry of the design was exploited to 
decrease computation time, using one-third symmetry in the rotational direction and one-half 
symmetry along the axial direction.  
 
Fig. 1. Cross-sectional view of a 20 W BLDC SPM motor. 
 
Table I. 20 W SPM BLDC motor specifications. 
Motor Specification Value 
Rated Power (W) 20 
Rated Speed (rpm) 3,600 
Outer Stator Diameter (mm) 58.07 
Outer Rotor Diameter (mm) 29.4 
Inner Rotor Diameter (mm) 10 
Airgap Length (mm) 0.5 
Stack Length (mm) 7.3 
Number of Slots 9 
Number of Poles 6 






Fig. 2. Demagnetization curve for anisotropic bonded magnets aligned at varying magnetic field strength 
at 238˚C. 
3. Results & Discussion 
 
3.1 Low Field Alignment 
The magnetic hysteresis loops were compared for alignment at each temperature and each 
magnetic field strength (refer to online supplementary material, Fig. S-1). The magnetic 
properties (intrinsic coercivity, remanence, and energy product) were extracted from the data 
and compared (Fig. 3). It can be seen from Fig. 3 that 238˚C was the optimal temperature for 
maximum alignment.  These temperatures correlate very well with the thermoplastic properties 
of nylon binders, at which the nylon is sufficiently softened to allow for particle rotation, but not 
boiling as to present additional thermal vibrations that can limit alignment. 
 
The intrinsic coercivity was maximized at an alignment field of 0.125 T for all temperatures and 
found to decrease linearly by up to 3%, while the remanence remained fairly constant above 0.25 
T alignment. This demonstrates that varying the alignment field from 0.5 to 3 T gives minimal 
improvement in the magnetic properties. Alignment of anisotropic particles in bonded magnets 
is accomplished by rotating the easy axes of the particles in the direction of the applied magnetic 
field. The applied field must overcome the magnetostatic interactions between the particles and 
the particles’ resistance to rotation due to the binder. At an optimum alignment temperature, 
the binder softens and reduces resistance to particle rotation [22], while the magnetostatic 
interactions are limited by the restricting the optimal alignment temperature below the Curie 
temperature. This enables significant alignment at low applied fields. In this work, the optimum 
temperature is at or near 238oC, at which magnetic fields of 0.25 T were sufficient to achieve 87% 
alignment, as determined by the ratio of remanent to saturation magnetization, in the 65 vol.% 
anisotropic magnet powders. Further improvements in magnetic properties can be achieved with 
higher alignment fields [25] or post-alignment of AM bonded magnets [26]. However, such 
improvements may be marginal compared to the cost of achieving the higher fields or post-
alignment. Thus, integrating an alignment field source during AM of bonded magnets may be 
quite economical, particularly if partial alignment achieves magnetic properties sufficient for a 
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given application. This paper aims to give insight into the alignment conditions that can enable a 
breakthrough in AM of anisotropic permanent magnet applications. In the next section, the 
performance of the anisotropic bonded magnet aligned at fields up to μ0H = 1 T is investigated 





Fig. 3. a) Intrinsic coercivity, b) remanence, and c) energy product of anisotropic bonded magnets aligned 
at varying magnetic field strength and temperature.  
 
3.2 Permanent Magnet Motor Application 
In the steady-state condition, rated power (20 W) was achieved for the use of the magnet under 
the isotropic condition (unaligned), meeting the system design specifications. For direct 
substitution of the aligned anisotropic bonded magnets, the increased remanence provided 
additional magnetic flux, which resulted in increased motor output power (Fig. 4a). On average, 
alignment increased the output power by 70% with respect to the isotropic condition. The excess 
power produced implies that the volume fraction of the anisotropic bonded magnets could be 
reduced for this application. For the aligned bonded magnets, increasing the alignment field from 
0.25 T to 1 T resulted in a minor improvement in the output power due to the relatively small 
increase in remanence as can be seen in Figs. 3 and 4a. This implies achieving full alignment may 
not be necessary in some permanent magnet machine applications.  
 
 
Fig. 4. a) Average output power and b) steady-state torque of the 20 W BLDC PMM for variation of the 
alignment field of the bonded magnet. 
 
From Fig. 4b it is apparent for the use of aligned anisotropic bonded magnets in the SPM motor, 
that the torque ripple nearly doubled on average when compared to the isotropic condition 
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(alignment = 0 T). This is expected since the magnetic properties of the aligned anisotropic 
bonded magnets, in particular the remanence, are higher than for the isotropic magnet, which 
increases the magnetic interaction between the rotor and stator (cogging torque). The primary 
impact of torque ripple is audible noise, which is not a major concern for submersible water 
pumps where such effects are heavily damped by the operating environment [27]. Known design 
techniques such as slot skew and rotor skew can be employed to reduce the torque ripple [28,29]. 
Control methods can also be employed [30]. 
 
In Fig. 5, the magnetic flux density in the 20 W SPM BLDC motor was compared for anisotropic 
bonded magnets aligned at 0.25 T and 1 T. The small increase in remanence provided by higher 
alignment field strength did not greatly increase the magnetic flux density in the rotor or stator 
yoke. Saturation is approached in a small section of the stator teeth for both magnets but does 
not occur in the stator or rotor yoke. Flux leakage in airgap and in the rotor yoke may account for 
the non-uniform distribution of magnetic flux density in both cases, as well as for the low 
efficiency of this small motor. Thus, a magnetic alignment source need not provide more than 
0.25 T for this application, suggesting that incorporation into AM systems may be quite 
economical. In the next section, reduction of volume fraction in the anisotropic bonded magnets 
is investigated.  
 
 
Fig. 5. Magnetic flux density for 20 W BLDC PMM with anisotropic bonded magnets a) 0.25 T and b) 1 T. 
 
3.3.1 Reduction of Loading Fraction 
The use of aligned anisotropic bonded magnets has the potential to reduce the volume of critical 
REE used in machine applications, such as the motor investigated here. FEA of anisotropic bonded 
magnets aligned at 0.25 T predicts achievement of torque and power above the rated values, 
implying that the loading fraction of Nd-Fe-B in nylon-12 could be reduced, or that a smaller 
design might be practical. The properties of the anisotropic bonded magnet aligned at 0.25 T 
were scaled for lower loading fractions and FEA was used to predict at which reduced volume 
fraction rated power could be achieved. The FEA results indicate that 40 vol.% loading of Nd-Fe-





Fig. 6. Average output power of a 20 W SPM BLDC motor with unaligned anisotropic bonded magnets 
with 65 vol.% loading Nd-Fe-B in nylon-12, anisotropic bonded magnets aligned at 0.25 T with 65 vol.% 
loading Nd-Fe-B in nylon-12, and anisotropic bonded magnets aligned at 0.25 T with 40 vol.% loading of 
Nd-Fe-B in nylon-12 (predicted).  
 
The magnetic flux density of the 20 W SPM BLDC motor was compared for incorporation of the 
magnet under isotropic conditions (unaligned) and 65 vol.% loading and aligned anisotropic 
conditions (0.25 T) and 40 vol.% loading (Fig. 7). The predicted remanence of the aligned magnet 
(0.29 T) with reduced volume fraction of 40% Nd-Fe-B is comparable to that of the unaligned 
magnet (0.30 T) with a volume fraction of 65% Nd-Fe-B, accounting for the similarity in magnetic 
flux density distribution. We were unable to experimentally validate the magnetic properties of 
the 40 vol.% Nd-Fe-B magnet since the starting material provided (65 vol.%) was already blended 
by Aichi Steel, and is not commercially available at lower volume fractions.  
 
 
Fig. 7. Magnetic flux density distribution of a 20 W SPM BLDC motor with a) unaligned anisotropic bonded 
magnets with 65 vol.% loading of Nd-Fe-B in nylon-12 and b) anisotropic bonded magnets aligned at 0.25 
T with 40 vol.% loading of Nd-Fe-B in nylon-12. 
 
A comparison of the total magnet power for the unaligned and aligned systems shows that the 
alignment process reduces the required magnet powder from 0.412 cm3 to 0.247 cm3 in the 20 
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W motor, a reduction of materials intensity by 40%. Furthermore, these improvements are 
expected to scale to larger submersible motors such as those used in sump pumps and deep 
wells. There is an increased cost associated with the introduction of magnetic alignment into the 
AM system. However, this may be balanced with the reduced volume of REE magnetic material 
required, which is the most expensive component in these motors and the most sensitive to 
supply chain disruption. The addition of magnetic field alignment is a one-time investment, 
compared with the continuous demand for unaligned magnetic materials, which are subject to 
market fluctuations. Compared to traditional injection molded magnets, the BAAM process offers 
significant advantages such as rapid prototyping, no tooling required, and can produce parts of 
near-net-shape and unlimited sizes and shapes [8,11]. Thus, if the cost of REEs became a concern, 
alignment of anisotropic bonded magnets would allow for a magnet of the same volume and 




It has been demonstrated that sufficient alignment of anisotropic bonded magnets for PMM 
application can be achieved at applied magnetic field as low as μ0H = 0.25 T. For a 20 W BLDC 
SPM motor for submersible water pump application, we demonstrated using FEA that for a 
magnetic alignment field μ0H > 0.25 T, machine performance was comparable to that of magnetic 
aligned at μ0H = 1 T. This may translate to a low-cost method for alignment of bonded magnets 
produced by AM. Using FEA, we predicted the use of low field alignment (μ0H = 0.25 T) can allow 
for reduction of critical materials by up to 40% in volume when compared to the isotropic 
condition. Reduced volume fraction aligned anisotropic bonded magnets are predicted to 
perform comparably to isotropic bonded magnets of the same size and shape. This has significant 
benefits for the AM of permanent magnet machine applications. It demonstrates the viability of 
AM anisotropic bonded magnets for machine design if a magnetic field alignment source were to 
be incorporated into the manufacturing process. The thermal and mechanical performance of 
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